Ab initio Hartree Fock (HF) theory and Density Functional theory (DFT) have been used to predict the Gibbs free energy of formation (∆G f 0 ) for uranium (VI) hydrolysis complexes. B3LYP is a better method to calculate the chemical properties of the complex and large molecules. The calculations were performed in the presence of solvent (water) by using the dielectric continuum modeling PCM method as well as the revised Born model. The pressure parameter p=1354atm was used to reproduce the entropy of ions in solution. The calculated energy demonstrates that PCM model is better than Born model in calculating the hydration energy. The primary hydration shell has been included in the calculation. It shows that the B3LYP calculated results inclusive of the primary hydration shell and the PCM hydration energy have reasonable agreement with experiments.
Introduction
The understanding of interactions between spent nuclear fuel and intruding ground water, including hydrolysis products, is necessary to analyze the function and the safety of repositories for high-level radioactive waste (HLW) . This requires prediction of the chemical behavior of the actinides. Knowledge about the chemical behavior of the actinides in aqueous media like groundwater systems is necessary to model the transport characteristics of these elements in the geosphere. Uranium is particularly important because of its relatively long decay period and relative abundance in nuclear waste. In the HLW repository, once the container fails, the nuclides like uranium will be released into the engineered barrier and transport through the geological environment, react with the groundwater and geological media, and finally arrive at the accessible human environment. The nuclides behavior study under the repository condition is very crucial. One of the most important chemical reactions of nuclides under repository is the hydrolysis of the nuclides. Study of the hydrolysis reaction of UO 2 2+ can improve the understanding of actinyl hydrolysis reaction and more complex chemical phenomena in general. The chemistry of uranium in aqueous media has caused considerable experimental interests [1] [2] . One of them is its behavior at high temperature, high pressure and under reductive condition. However, it is quite difficult to obtain reliable experimental data under such condition due to the radioactivity of uranium and low solubility of uranium (IV) in neutral pH region. In this paper, quantum chemical calculations have been employed to study the hydrolysis of uranium (VI). It is an effective method to predict various properties of molecules and reactions, including molecular energies and structures, thermochemical properties, bond and reaction energies and so on. Therefore, we can combine the experimental data collected with theoretical results to predict the properties of those systems that are difficult to access by experiments. Since the actinide elements will react with water in geological media, solvent effect plays an important role in determining the chemical behavior of the actinides. Therefore, we must incorporate the solvent effects into the quantum chemical calculations of the solute molecules. The determination of the hydration energy of heavy atoms is very important. It is also a theoretical challenge to quantum chemical calculation. In the present paper, our main interest focuses on the hydration energy calculation. This work was intended as a first step towards developing theoretical methods for approximating the solubility of actinide oxides and hydroxides.
Theoretical Approach
The geometry optimization and energy calculation were carried out in the ideal gas phase using HF/6-311G * * , MP2/6-311G * * as well as the hybrid density functional method at B3LYP/6-311G * * level. The optimized geometry was used in the subsequent solvation energy calculation. Spin-orbit effects were not considered here, since it is less important in the closed shell system that is considered here [3] . Effective core potential (ECP) and corresponding basis set were used for uranium [4] . Basis sets for oxygen and hydrogen were from Ref. [5] . All calculations were carried out using Gaussian 98 (Gaussian Inc.)
suite of programs [6] The first column is the theoretical method (the basis set is 6-311G ** ), the second column gives the electronic energy, the third column is the enthalpy, the fourth column is the Gibbs free energy.
Table1, quantum chemical calculation code Mulliken 2.0 TM (IBM Corporation) was used at the HF level. 6-31G basis set in Mulliken 2.0 TM was used for O [7] , F [7] and Cl [8] atoms. ECP and corresponding double zeta basis set were used for uranium atom [9] . Hydration energy was calculated using continuum dielectric solvation modeling PCM(polarizable continuum model) method. During the liquid-phase calculations, a dielectric constant of ε=78.39 was taken.
The hydration energy was also calculated using revised Born model [10] . The final total free energy in solution was calculated as the sum of the gas phase free energy and the hydration energy.
The following chemical reactions are calculated, which are the basis to understand other complex hydrolysis reactions of uranium. First, structure optimization was carried out, then the calculations of enthalpy and Gibbs free energy of the reactions were performed.
Results and Discussion
First, the entropy of some uranium complexes was calculated. The purpose is to obtain the general knowledge about the quantum chemical calculation in the gas phase. Table 1 shows the calculated entropy of some uranium complexes at T=298.15K and p=1atm. The calculated entropy has good agreement with the experimental entropy in gas phase. In other words, the calculated entropy is quite different from that in solution, and cannot be directly used to estimate the Gibbs free energy in solution. Because the Mulliken and the Gaussian programs consider the hypothetical ideal gas at concentration corresponding to the pressure p=1atm, the molecules have more freedom than they actually do in solution.
In order to obtain applicable results in liquid water, we use the pressure parameter p=1354atm, which corresponds to the density of water at T=298.15K, for the aqueous calculations [11] . This was done to reproduce the entropy of ions in solution.
We used HF/6-311G ** , MP2/6-311G ** and B3LYP/6-311G ** methods to calculate the gas phase electronic energy, enthalpy and free energy. The results are presented in Table 2, while Table 3 adds the solvation contributions to the free energy. The optimized geometry in gas phase was used for the calculations of solvation energy. According to Li et al. [14] and Marcos et al. [15] , the geometry of metal cations optimized in gas phase does not deviate much from those in solution phase.
The reaction Gibbs free energy change of reaction (1-a) as well as reaction (1-b) in solution using different methods was also presented in Table 3 . The calculation of the free energy of proton H + is very difficult. According to previous calculation results [12, 13] , the best calculated Gibbs free energy of formation for H + is -260.5 kcal/mol. We use this value for the calculation of reaction energy of reaction (1-b). The Gibbs free energy change of reaction (1-a) is quite different from reaction (1-b). The free energy change of reaction (1-a) is much closer to the experimental result [1] (as shown in Table 3 It is seen from Table 2 and Table 3 that, for reaction (1-a) and reaction (2), the calculated electronic energy, enthalpy and Gibbs free energy changes are very close for HF method and MP2 method. The calculated energy at B3LYP level is somewhat smaller than those in HF and MP2 calculations even using the same basis set. The B3LYP method has been reported to underestimate the hydration energy for several types of reactions by other researchers [14, 16, 17] .
It is shown from Table 3 that the free energy change of reactions in gas phase is quite different from that obtained by experiment. The hydration energy accounts for a large Vol.7 No.1 Thermochemical study of uranium by ab initio quantum chemical calculations The first column is the theoretical method (the basis set is 6-311G ** ), the second column is the gas phase free energy from Table 2 , the third column is the free energy after adjustment for the concentration in the liquid (p=1354atm), the fourth column is the Born hydration energy, the fifth column is the PCM solvation free energy correction, the six column is the sum of the Born energy and the third column, the seven column is the sum of the PCM solvation free energy and the third column. Experimental results are given in the final column. The unit is kcal/mol proportion of the total energy of the solvation system. Thus, the determination of hydration energies is very important.
The hydration energy calculation results in Table 3 indicate that the PCM hydration energy has better agreement with the experimental result than the revised Born hydration free energy. We can conclude that the continuum dielectric theory PCM model provides a more reasonable means of calculating the hydration energies of molecules in water than Born model.
There are several papers which discussed the Born model and they recommended the revised Born model [10, [12] [13] [20] [21] . According to Born model, it is clear that the accuracy of hydration energy critically depends on the radii of the molecules or ions. There are some papers that discussed the radius problem [9, 19] . In our calculation, we use the cavity radius for the Born radius, and for cations and anions, the radii were increased by 0.85Å and 0.1Å, respectively. According to Li et al. [14] and Krauss et al. [19, 22] , the Born equation results are too negative. We have the same conclusion. We think that another main discrepancy is from the neutral molecules. According to Born model the hydration energy of neutral molecules is zero. While for the PCM dielectric continuum solvation model the hydration free energy of neutral molecule is not zero, and sometimes as large as that of charged ions. However, PCM dielectric continuum solvation model is also not the best model to calculate the hydration energy. First, the accuracy of PCM model depends on the effective scaling factor. According to Eugence at el [23] , the effective scaling factors for the neutral molecules are 1.20~1.25 and 1.10~1.15 for single charged ions. But for divalent or trivalent ions there are no suggested scaling factors. On the other hand, PCM model is also related to the atomic radii. The more reasonable atomic radii will give more accurate hydration energies.
According to Tsushima et al. [18] , Martin et al. [11] , and Li et al. [14] , the calculations of metal ions in solution should be implemented inclusive of the primary (and secondary) hydration spheres, since the hydration waters themselves participate in reactions. So in the following calculations of UO 2
2+
, the first hydration shell is included by using clusters like UO 2
•5H 2 Figure 1 . The reaction Gibbs free energies are reported in Table 4 . The reaction (1-a) and (2) were also included in Table 4 for comparison. By comparing reaction (1-a) with reaction (3), reaction (2) O, the similar calculations were also conducted using HF method and MP2 method. The same basis set with B3LYP method was used for HF method. For MP2 method, 6-31G* basis set was used for both optimization calculation and energy calculation. The reason is that 6-31++G ** basis set is too heavy for MP2 to carry out energy calculation because of the practical problem associated with the computation time. The reaction Gibbs free energies of (3) and (4) are shown in Table 4 . It is interesting to find that the calculated Gibbs free energy using B3LYP method has the best accord to the experiment result than HF and MP2 method. It argues that the density functional method (B3LYP model) is an effective method to calculate the chemical properties of the complex and large molecules such as macroclusters of UO 2 2+ ion, the correlation energy is better accounted in B3LYP than in MP2 method. In addition, MP2 method is very time consuming for large and complex molecules.
Conclusions
The reaction energy of hydrolysis reactions of UO 2 2+ ion was calculated using HF, MP2 and DFT methods. Hydration energy was included in the aqueous system. It is concluded that the calculated energy depends much on the quantum chemical calculation method and B3LYP method has the best accord to the experiment results. Inclusion of the first hydration shell improved the calculated energy. The dielectric continuum modeling PCM method is better than the revised Born model for the calculation of solvation energy, but still needs further improvement. The first column is the gas phase free energy, the second column is the free energy after adjustment for the concentration in the liquid (p=1354atm), the third column is the PCM solvation free energy correction, the fourth column is the sum of the PCM solvation free energy and the second column, the fifth column is the experimental results. For reaction (3) and (4), the basis set for B3LYP and HF are 6-31G* for optimized calculation and 6-31++G ** for energy calculation, while MP2 uses 6-31G* basis set for both optimization calculation and energy calculation. The unit is kcal/mol.
